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Abstract
Recently we proposed an attractive scenario of grand unified theories
with anomalous U(1)A gauge symmetry, in which doublet-triplet split-
ting is naturally realized in SO(10) unification using Dimopoulos-Wilczek
mechanism and realistic quark and lepton mass matrices can be obtained
in a simple way. In this paper we show that there is a mechanism in which
the doublet Higgs obtains the supersymmetric mass which is proportional
to the SUSY breaking parameters. This mechanism can be applied easily
in the above scenario. The point is that the mass term, which is forbid-
den by SUSY zero mechanism, can be induced by SUSY breaking. The
proportional coefficient is controlled by the anomalous U(1)A charges.
ae-mail: maekawa@gauge.scphys.kyoto-u.ac.jp
Recently we proposed an attractive scenario of supersymmetric (SUSY) grand
unified theories (GUTs) with anomalous U(1)A gauge symmetry, in which doublet-
triplet splitting is naturally realized in SO(10) unification using Dimopoulos-
Wilczek mechanism, and realistic quark and lepton mass matrices can be obtained
in a simple way [1].
In the scenario, the mass term of the Higgs field is forbidden by the holo-
morphy ( SUSY zero mechanism). This is because the anomalous U(1)A charge
of the Higgs field is taken to be negative. However, in order to give a mass to
higgsino, the SUSY Higgs mass term is required. The SUSY Higgs mass µ must
be of oder of the weak scale, namely, the SUSY breaking scale. This is a mystery
in the minimal SUSY standard model, because at a glance we have no reason that
the SUSY parameter becomes the same order of the SUSY breaking parameters.
This is called the µ problem [2]. In the super gravity scenario, there are several
natural solutions for the µ problem [3, 4] by using non-renormalization operator
in the Ka¨hler potential (Giudice and Masiero [3]) or in the superpotential (Casas
and Mun˜os [4]). However, if the Higgs mass term in tree level is forbidden by
some symmetry as in our scenario, these mechanisms for the µ problem do not
work well, though R-symmetry can be an exceptional one. Since our model has
no R-symmetry, it is important to examine other mechanisms to induce the su-
persymmetric Higgs mass term related with the SUSY breaking scale. There are
several other attempts [5, 6, 7, 8, 9] to solve the µ problem. One of them is to
introduce a light singlet which couples with the Higgs doublet [5, 7]. The vacuum
expectation value (VEV) of the singlet field can become of order of the SUSY
breaking scale, so suitable µ parameter is induced. In addition to the problem
that the induced µ parameter is unstable under radiative correction of heavy
particle and non-renormalizable terms [6], however, in our scenario, it is not easy
to introduce a light singlet S with positive charge (the positive charge is required
for the singlet to couple to Higgs field), because the mass term of the singlet field
with positive charge is not forbidden.
In this paper, we examine a mechanism which solves the µ problem. The
mechanism can be naturally applied to our scenario. The generated Higgs mass µ
is proportional to the SUSY breaking parameters and the coefficient is controlled
by anomalous U(1)A charges. The point is that since the Higgs mass term is
forbidden by the SUSY zero mechanism, when SUSY is broken, the µ term must
be induced. Note that if all the SUSY breaking parameter become zero, the µ
term must vanish. Therefore the µ parameter must be proportional to the SUSY
breaking parameters. Since all the coefficients are controlled by anomalous U(1)A
charges, the proportional coefficient is also determined by the anomalous U(1)A
charges.
Let us recall the SUSY zero mechanism. First of all, we assume that D-
flatness condition of the anomalous U(1)A gauge symmetry leads to 〈Φ〉 = λMP ,
because DA =
gA
2
(λ2M2P − |Φ|2), where Φ has negative anomalous U(1)A charge
φ = −1 and λ < 1 (Actually we usually adopt λ ∼ 0.2 for reproducing the
1
Cabbibo angle.). HereMP is some gravity scale and usually taken as the reduced
Planck mass, 1/
√
8piGN . In the following, we use the units in which MP = 1.
Then the hierarchical structure of Yukawa couplings can be obtained as
WY = Φ
q+u+hQUH → λq+u+hQUH, (1)
if q + u + h ≤ 0. Here q, u and h are anomalous U(1)A charges of the super-
fields Q,U and H 1. The terms with negative total anomalous U(1)A charge
are forbidden by the anomalous U(1)A gauge symmetry, while the terms with
non-negative total charge are allowed, because the negative charge of the singlet
Φ can compensate for the positive charge, as addressed above. The vanishing
of the coefficients resulting from the anomalous U(1)A gauge symmetry is called
SUSY zero mechanism. In the previous paper [1], this SUSY zero mechanism
plays an essential role to solve the two biggest problems in grand unified theory,
the doublet-triplet splitting problem and hierarchy problem of quark and lepton
mass matrices. For example, the Higgs mass term µ in tree level can be forbidden
by the mechanism if the anomalous U(1)A charge of the Higgs H is negative. It is
obvious that the vacuum expectation values of the gauge singlet operators with
positive anomalous U(1)A charges must vanish so that the SUSY zero mechanism
works well. On the other hand, the gauge invariant operator with negative charge
can have the VEV. The value is written
〈O〉 ∼ λ−o, (2)
if the F -flatness condition determines the VEV [1].
Generally if SUSY is broken, the coefficients, which vanish by SUSY zero
mechanism, become tiny non-zero values which are proportional to the SUSY
breaking parameters. In the followings, we estimate the coefficients by anomalous
U(1)A charges.
Before examining this mechanism, we try to apply the Giudice-Masiero mech-
anism to induce the SUSY Higgs mass µ. When SUSY is broken by the F -term
FT of a field T , a Ka¨hler term ∫
dθ4λ|2h−t|T †HH (3)
induces the SUSY Higgs mass term
∫
dθ2µHH =
∫
dθ2λ|2h−t|F †THH. (4)
Here H is the Higgs superfield, whose representation is, for example, 10 in the
context of SO(10) unification. We have to take t = 0 so that the gaugino mass
1 Throughout this paper we denote all the superfields and the scalar component fields with
uppercase letters and their anomalous U(1)A charges with the corresponding lowercase letters.
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is obtained by 〈FT 〉 ∼ mSBMP , because the supersymmetric field strength has
vanishing anomalous U(1)A charge. Here mSB is a typical SUSY breaking scale,
which is of order of the weak scale. Then the induced Higgs mass term has
suppression factor λ|2h|, so it is much smaller than the weak scale unless |2h| ≤ 1
[9].
We now examine the solution for the µ problem in a simple example. The
essential point of this mechanism is that the VEV shift of a heavy singlet field
by SUSY breaking. In the literature [10], it is shown that the SUSY breaking
terms produce the VEV shift of heavy particles of order the SUSY breaking scale
in the context of super gravity scenario. If there is a heavy singlet which has
vanishing VEV in SUSY limit and couples to the Higgs field, then shifting the
VEV solves the µ problem. The argument is essentially the same as in Ref.[8], but
they requires R-symmetry, which is not a symmetry in our scenario [1]. Below we
show that such a situation is easily obtained in our scenario, namely, R-symmetry
is not an essential ingredient of the mechanism.
Before examining the detail, we figure out the essence of the mechanism. We
introduce the superpotentialW = λsS+λs+zSZ, where S and Z are singlet fields
with positive anomalous U(1)A charge s and with negative charge z, respectively
(s + z ≥ 0). Note that the single term of Z is not allowed by SUSY zero mech-
anism, while usual symmetry cannot forbid this term. This is an essential point
of this mechanism. The SUSY vacuum is at 〈S〉 = 0 and 〈Z〉 = λ−z. After SUSY
is broken, these VEVs are modified. To determine the VEV shift of S, which
we would like to know because the singlet S with positive charge can couple to
the Higgs field with negative charge, the most important SUSY breaking term
is the tadpole term of S, namely λsM2PAS. Here A is a SUSY breaking param-
eter of order of the weak scale. By this tadpole term, the VEV of S appears
as 〈S〉 = λ−s−2zA. If we have λs+2hSH2, the SUSY Higgs mass is obtained as
µ = λ2h−2zmSB, which is proportional to the SUSY breaking parameter mSB and
the proportional coefficient can be of order 1 if h ∼ z.
Let us examine the detail below. The superpotential is written
W = λs+2hSH2 + λsS + λs+zSZ + λ2sS2, (5)
where for simplicity, we introduce only the last term for breaking the R-symmetry.
Introducing the other R-symmetry breaking terms does not change the following
results drastically. The F -flatness conditions are
FS =
∂W
∂S
= λs+2hH2 + λs + λs+zZ + 2λ2sS = 0, (6)
FZ =
∂W
∂Z
= λs+zS = 0, (7)
FH =
∂W
∂H
= λs+2hSH = 0. (8)
Since S = 0 satisfy the two F -flatness conditions FZ = FH = 0, the VEVs of
the other fields Z and H are not fixed completely by these F -flatness conditions.
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Though the desired VEV is (〈Z〉 , 〈H2〉) ∼ (λ−z, 0), the VEV of H2 can have
non-vanishing value. (Here only for simplicity, we assume that the D-flatness
condition of the anomalous U(1)A gauge symmetry determine the VEV 〈Φ〉 ∼ λ.
However, in principle, the Froggatt-Nielsen field Φ is a dynamical variable, so
we have to resolve the D-flatness condition in addition to the above F -flatness
conditions. We will discuss this point lator.)
After SUSY is broken, the SUSY breaking terms are given as
VSB = m
2
S|S|2 +m2Z |Z|2 +m2H |H|2 (9)
+ (λs+2hASH2SH
2 + λsASS + λ
s+zASZSZ + λ
2sAS2S
2 + h.c.). (10)
Here mX and AY (X = S, Z,H and Y = SH
2, S, SZ, S2) are SUSY breaking
parameters. If we neglect the D-term contribution to the potential, the potential
is obtained by
V =
∣∣∣∣∣∂W∂S
∣∣∣∣∣
2
+
∣∣∣∣∣∂W∂H
∣∣∣∣∣
2
+
∣∣∣∣∣∂W∂Z
∣∣∣∣∣
2
+ VSB. (11)
Here we assume that the Ka¨hler potential is minimal one K = |H|2+ |Z|2+ |S|2
for simplicity, but more general Ka¨hler potential does not change the following
result drastically unless the Ka¨hler potential has a singularity. The stationary
conditions are written
∂V
∂S
= 2F †Sλ
s + λ2s+2zS† + 4λ2s+4h|H|2S† +m2SS† + λs+2hASH2H2 (12)
+λs+zASZZ + 2λ
sAS = 0, (13)
∂V
∂Z
= F †Sλ
s+z +m2ZZ
† + λs+zASZS = 0, (14)
∂V
∂H
= 2F †Sλ
s+2hH + 2λ2s+4h|S|2H† +m2HH† + 2λs+2hASH2SH = 0. (15)
The third condition (15) leads to the following two cases; a) 〈H〉 = 0 and b)
〈H〉 6= 0. The second condition (14) determines the F term of the S field FS =
−λ−s−zm2ZZ†−ASZS, which is of order m2SB if 〈S〉 ∼ O(mSB). This is important
to induce the correct size of B parameter. It is easily checked that with vanishing
SUSY breaking parameters, the above three conditions become three F -flatness
conditions FS = FH = FZ = 0. In the following, we assume that the vacuum can
be expanded as 〈X〉 = X0+X1+· · · (X = S, Z,H) using the SUSY breaking scale
as the expansion parameter. Here X0 represent SUSY vacua, namely, S0 = 0 and
FS(S0, Z0, H0) = 0. The first condition (13) gives
S1 = − λ
sAS + λ
s+zASZZ0
λ2s+2z + 4λ2s+4h|H0|2 . (16)
In the case a) (〈H〉 = 0), the relation FS(S0, Z0, H0) = 0 leads to Z0 = λ−z.
Then from eq.(16), S1 is given by S1 = λ
−s−2zA. At the vacuum, the value of the
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potential is roughly estimated as
Va ∼ λ−2z|A|2. (17)
Let us consider the case b) (〈H〉 6= 0). If the VEV 〈Z〉 >> λ−z, the value of
the potential Vb ∼ m2Z |Z|2 >> Va. Therefore we take Z0 ∼ O(λ−z). Then the
equation FS(S0, Z0, H0) = 0 leads to H0 ∼ O(λ−h). From the eq. (16),
S1 = − λ
sAS + λ
sASZ
λ2s+2z + 4λ2s+2h
∼
(
λ−s−2zA (z ≤ h)
λ−s−2hA (z ≥ h). (18)
Then 2F †Sλ
s+2h + 4λ2s+4h|S1|2 +m2H + 2λs+2hASH2S1 = 0 and FS(S0, Z0, H0) = 0
determine the H0 and Z0 definitely. Since all VEVs are determined, the value of
the potential at the minimum can be estimated as
Vb ∼
(
λ−2z|A|2(z ≤ h)
λ−2h|A|2(z ≥ h). (19)
Therefore z > h leads to Va > Vb, namely the desired vacuum (case a) becomes
local minimum. On the other hand, if z ≤ h, we obtain Va ∼ Vb. Therefore, the
desired vacuum (case a) can be global minimum though it is dependent on the
O(1) coefficients.
Below we focus on the desired vacuum (case a) even if the vacuum is local
minimum. Then the VEV of S induces the supersymmetric Higgs mass term µ
as
λs+2hSH2 → λs+2h 〈S〉H2 = λ2h−2zAH2. (20)
It is interesting that the µ term is proportional to the SUSY breaking parameter
A. The proportional coefficient is determined by the anomalous U(1)A charges
as λ2h−2z. When h ∼ z, we can obtain the natural scale of the SUSY Higgs
mass µ. The Higgs mixing term Bµ can be obtained from the SUSY term
λs+2hSH2 and the SUSY breaking term λs+2hASH2SH
2 as λs+2hFS ∼ λ2h−2zm2SB
and λ2h−2zA2 ∼ µA, respectively. Therefore the relation B ∼ mSB is naturally
obtained 2. This is a solution for the µ problem. Note that the condition h ∼ z
can be satisfied because both fields H and Z have negative charges.
At a glance, requiring the condition h ∼ z is artificial. However, recall that
even the Giudice-Masiero mechanism requires an additional condition h ∼ 0.
In the above argument, we almost fix the VEV 〈Φ〉 ∼ λ, which is consid-
ered to be determined by the D-flatness condition of the anomalous U(1)A gauge
symmetry. Since the Froggatt-Nielsen field Φ is a dynamical variable, in prin-
ciple, we have to reconsider the D-flatness condition of anomalous U(1)A gauge
2 If doublet-triplet splitting is realized by fine-tuning or some accidental cancellation, the
Higgs mixing Bµ can become intermediated scale mSBMX as discussed in Ref.[11], where MX
is the GUT scale. However, once the doublet-triplet splitting is naturally solved as in Ref.[1],
such a problem disappears
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symmetry to determine the VEVs. However, the result is almost the same as
that discussed in my paper if 〈Φ〉 ∼ λ and z < −1. Since the VEV of Z is λ−z,
which is much smaller than the VEV of Φ, reconsidering D-flatness condition
λ2 − |Φ|2 − z|Z|2 = 0 makes only a tiny shift in the VEV of Φ. Of course there
is another possiblity that the other vacuum appears, for example, 〈Φ〉 = 0 and
〈Z〉 ∼ λ (case c). (Actually this vacuum satisfies all the F -flatness conditions (6),
(7) and (8).) In such a case, the role of Φ is exchanged for that of Z. The con-
dition φ = −1 > h leads to Vc ∼ min(λ2h/z|A|2, λ2m2SB) > λ−2h|A|2 ∼ Vb, which
means that the vacuum c is an only local minimum. Moreover, if we adopt the
charges s = −nz (n is a positive integer), then the F -flatness condition of S re-
quires Φs+Zn ∼ 0, namely, Φ ∼ Z−1/z > λ, which is inconsistent with D-flatness
condition. Then the vacuum c is not allowed. In any cases, the situation is not
changed drastically by examining the D-flatness condition. This is consisitent
with the number of equations and variables. If we add one equation(D-flatness
condition) and one variable (Φ), it is expected that the number of the vacua does
not increase drastically.
In this paper, we have focused on the µ problem. However, the mechanism
can be applied to more general case. We can apply this mechanism to induce
any mass term which is forbidden by SUSY zero mechanism. Namely, we can
give masses to any fields which have no mass term from the superpotential with
SUSY vacua.
In summary, we have examined a solution for the µ problem. The point is
that if SUSY is broken, the Higgs mass term, which is forbidden by holomorphy
(the SUSY zero mechanism), must be induced. It is interesting that the pro-
portional coefficient is determined by anomalous U(1)A charges. The result is
independent on the detail of the mediation mechanism of the SUSY breaking.
We only assume that all the SUSY breaking parameters are given as in eq. (10).
This is a remarkable feature of this mechanism.
Note added: After almost finishing this work, we noticed a recent paper by
Kitano and Okada [12], in which a solution for the µ problem is discussed. Their
solution has a similar structure of our solution, but is different. Their essential
point is that when SUSY is broken, the R-symmetry, which forbids the SUSY
Higgs mass term in tree level, is also broken 3. Then the Higgs mass term can be
induced by super gravity effect. Their solution requires the R-symmetry, which
gives a severe constraint to the possible interactions. Actually it cannot apply
to our scenario in which R-symmetry does not exist. On the other hand, since
the mechanism discussed in this paper requires only the holomorphic zero (SUSY
zero) mechanism, it can apply to our scenario[1].
We would like to thank H. Nakano for pointing us to Ref.[11].
3This is the same argument as in Ref.[8], though they succeeded to omit the additional
symmetry which is introduced in Ref. [8].
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